ABSTRACT Leishmaniasis is a neglected tropical disease that affects millions of people worldwide and represents a major public health problem. Information on protein expression patterns and functional roles within the context of Leishmaniainfected human monocyte-derived macrophages (MDMs) under drug treatment conditions is essential for understanding the role of these cells in leishmaniasis treatment. We analyzed functional changes in the expression of human MDM genes and proteins during in vitro infection by Leishmania braziliensis and treatment with Glucantime (Sb V ), using quantitative PCR (qPCR) arrays, Western blotting, confocal microscopy, and small interfering RNA (siRNA) human gene inhibition assays. Comparison of the results from gene transcription and protein expression analyses revealed that glutathione S-transferase 1 (GSTP1), glutamate-cysteine ligase modifier subunit (GCLM), glutathione reductase (GSR), glutathione synthetase (GSS), thioredoxin (TRX), and ATP-binding cassette, subfamily B, member 5 (ABCB5), were strongly upregulated at both the mRNA and protein levels in human MDMs that were infected and treated, compared to the control group. Subcellular localization studies showed a primarily phagolysosomal location for the ABCB5 transporter, indicating that this protein may be involved in the transport of Sb V . By inducing a decrease in L. braziliensis intracellular survival in THP-1 macrophages, siRNA silencing of GSTP1, GSS, and ABCB5 resulted in an increased leishmanicidal effect of Sb V exposure in vitro. Our results suggest that human MDMs infected with L. braziliensis and treated with Sb V express increased levels of genes participating in antioxidant defense, whereas our functional analyses provide evidence for the involvement of human MDMs in drug detoxification. Therefore, we conclude that GSS, GSTP1, and ABCB5 proteins represent potential targets for enhancing the leishmanicidal activity of Glucantime.
on avoidance of exposure to the insect vector through individual or collective protection with the use of insecticides and chemotherapy (4) .
Over the past 60 years, pentavalent antimony compounds have been the first-line drugs for treatment of all forms of human leishmaniasis in Central America, South America, North Africa, Turkey, Bangladesh, Nepal, and India (except Bihar) (5) . Despite renewed attention regarding the biochemistry and pharmacological effects of these drugs, their metabolism and mechanism of action are not yet fully understood (6) . Pentavalent antimony (Sb V ) is generally considered a prodrug, requiring biological reduction to trivalent antimony (Sb III ), within either the parasite or the host macrophages (M⌽), to become active against Leishmania spp. (7, 8) .
Sb V induces the production of reactive oxygen species (ROS) (mainly H 2 O 2 ) in Leishmania-infected macrophages through an oxidative burst, via phosphorylation of phosphoinositide 3-kinase (PI3K), protein kinase C (PKC) Ras, and extracellular signalregulated kinase (ERK) pathways. In addition, nitric oxide (NO) is produced through the PI3K and p38 mitogen-activated protein kinase (MAPK) pathways (9, 10) . Consequently, to maintain redox homeostasis and to eliminate ROS, aerobic organisms are equipped with enzymatic and nonenzymatic antioxidants and metal-sequestering proteins that either prevent the generation of prooxidants or intercept or degrade the molecules once they are produced (11) . Recent studies have reported at least four different thiol molecules (glutathione, cysteine, cysteinyl-glycine, and trypanothione [only in trypanosomatids]) that are involved in cellular redox control and protect against potentially toxic agents that cause chemical or oxidative stress (12) (13) (14) . For instance, the reduced form (Sb III ) acts directly on the Leishmania parasite and the host cell by perturbing the redox balance and generating cytotoxic effects in both (15, 16) . Thiols exhibit a dual role in pentavalent antimonial pharmacology, first promoting drug activation through nonenzymatic reduction of Sb V to Sb III and then inducing drug detoxification by forming conjugates with Sb III that are effluxed from and/or sequestrated within the host cell (8) .
Different approaches have been applied for understanding the metabolism and mechanism of action of antimonial compounds. Nevertheless, the role of macrophages in human leishmaniasis treatment has not been completely elucidated. Hence, we sought to identify, via functional analysis of antioxidant defense genes, human macrophage proteins that are potentially involved in the detoxification of pentavalent antimony compounds. The results suggest that host factors can be modulated to enhance leishmanicidal drug activity and to promote new strategies to prevent the harmful effects of Leishmania parasites.
RESULTS
Effects of Sb V (Glucantime) treatment and L. braziliensis infection on oxidative stress and drug transporter gene expression in human MDMs. To assess gene expression patterns in human monocyte-derived macrophages (MDMs) in response to late L. braziliensis infection (96 h of parasite infection) and Sb V treatment (72 h of drug interaction), we used a commercially available PCR array for oxidative stress and drug transporter genes. After establishing an arbitrary cutoff value of 3-fold differential gene expression in the study groups, compared to the control group (human MDMs without infection and without treatment), we found that 19.6% of the genes (33/168) were upregulated after infection with L. braziliensis and treatment with Sb V (Fig. 1A) . Of the 33 upregulated genes, 54.5% and 45.5% belong to the oxidative stress and drug transporter pathways, respectively ( Fig. 1B and C) .
Among the genes that were differentially expressed were GSTP1 (glutathione S-transferase 1), GSS (glutathione synthetase), GSR (glutathione reductase), GPX2 (glutathione peroxidase 2, gastrointestinal), GPX3 (glutathione peroxidase 3, from plasma), CAT (catalase) Tables S2 and S3 in the supplemental material). These results indicate that both L. braziliensis infection and Sb V treatment significantly modulate gene expression in the human host cells, particularly for the genes encoding proteins that may be involved in Sb V detoxification (i.e., biosynthesis of glutathione, antioxidant defense, and drug transporters). Notably, we did not observe downregulation of genes in human MDMs infected and treated with Sb V (Tables S2 and S3) .
Furthermore, in the MDM group treated with Sb V , 16.7% of the evaluated genes (28/168 genes) exhibited upregulation, with 10 of the genes being exclusive to this group ( Fig. 1A ; also see Tables S2 and S3 ). In the group infected with L. braziliensis, 10 upregulated genes were found but none was exclusive to this group (Fig. 1A) . In the MDM group infected with L. braziliensis, 3.0% of the genes (5/168 genes) were downregulated; among them, the SOD3 (superoxide dismutase 3, extracellular) gene showed the greatest downregulation, being decreased 5.62-fold (Table S2 ). In the human MDMs treated with Sb V , 2.4% of the genes (4/168 genes) were downregulated (Fig. 1B) , with TXNRD1 (thioredoxin reductase 1) showing the most negative regulation, at Ϫ11.09-fold (Table S2) .
Validation of antioxidant defense and drug transporter gene expression levels in human MDMs infected with L. braziliensis and treated with Sb V (Glucantime). To validate the gene expression levels observed in human MDMs infected with L. braziliensis and treated with Sb V , we assessed the levels of GSTP1, glutamate-cysteine ligase modifier subunit (GCLM), GSR, GSS, CAT, GPX2, SOD3, TRX, ABCB5, ABCB6, ABCB11/bile Increased Effect of Sb V on Leishmania in Macrophages Antimicrobial Agents and Chemotherapy salt export pump (BSEP), and SLC22A1/OCT1 protein expression by Western blotting, using total protein extracts from human MDMs. The results showed the highest levels of expression for proteins in the glutathione biosynthesis pathway (P Ͻ 0.05) in infected and treated human MDMs, as also observed in the gene expression assays. Western blot analyses revealed increased protein expression of GSTP1, GCLM, GSS, and GSR, with levels 2.44, 1.98, 2.08, and 1.97 times higher (P Ͻ 0.01), respectively, than those in the control group (Fig. 2) . Similarly, the expression of proteins involved in antioxidant defense, such as SOD and TRX, was significantly increased, with levels 1.58-fold (P Ͻ 0.05) and 1.95-fold (P Ͻ 0.01) higher, respectively, in the infected and treated human MDMs than in the control group. However, no significant changes in the levels of CAT and GPX1/2 protein expression were detected (Fig. 2) . In contrast, increased expression of the ABCB5 and ABCB11 drug transporters, with levels 1.89-fold (P Ͻ 0.001) and 1.69-fold (P Ͻ 0.01) higher, respectively, was observed in MDMs infected with L. braziliensis and treated with Sb V , compared to the control group (Fig. 2) . , and SCL22A1 (L) was performed, with Western blot analyses of soluble protein extracts obtained from human MDMs untreated and uninfected (as a control group) (lanes 1), infected with L. braziliensis (Lb) (lanes 2), treated with 32 g/ml Sb V (lanes 3), and both infected and treated (lanes 4). Equivalent protein loading was assessed by immunodetection of ␤-actin. Densitometric analysis of the expression of oxidative stress proteins in human MDM groups, as described above, was performed. The results represent the average of values for five healthy donors in duplicate ϩ standard error of the mean (SEM). Significant differences were determined by one-way ANOVA, followed by Bonferroni's multiple-comparison test. *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001. Molecular sizes (in kilodaltons) are shown to the right of all gel images.
Téllez et al. Antimicrobial Agents and Chemotherapy
Correlation between gene and protein expression levels in human MDMs. We attempted to correlate the observed changes in gene expression with the levels of 12 proteins, of which 8 are involved in antioxidant defense and 4 are involved in drug transport pathways in human macrophages. Positive correlations were observed for 6 genes, namely, GSTP1 (r ϭ 0.55, P ϭ 0.006), GCLM (r ϭ 0.50, P ϭ 0.01), GSS (r ϭ 0.43, P ϭ 0.03), GSR (r ϭ 0.63, P ϭ 0.001), TRX (r ϭ 0.74, P ϭ 0.0001), and ABCB5 (r ϭ 0.59, P ϭ 0.003), and a negative correlation was observed for SOD3 (r ϭ Ϫ0.39, P ϭ 0.04). No correlations were observed for the remaining proteins.
Subcellular localization of the drug transporter ABCB5. To explore the possible role of ABCB5 in Sb V (Glucantime) transport and because of the positive correlation between gene and protein expression levels, the subcellular localization of this protein was assessed ( Fig. S1B and E, top and bottom). The overlay image from confocal microscopy, which was obtained using an anti-lysosome-associated membrane protein 1 (LAMP-1) monoclonal antibody and Hoechst dye staining, showed that parasites were located in phagolysosomes (Fig. S1E) . Confocal microscopic analyses of infected macrophages versus infected macrophages treated with Sb V allowed the determination of subcellular localization differences for ABCB5, showing the greatest association with phagolysosome membranes where the parasites resided (Fig. S1E, upper) .
Silencing of the human GSTP1 gene in THP-1 M⌽ cells increasing the intracellular sensitivity of L. braziliensis amastigotes to Sb V (Glucantime) treatment. To determine the effects of GSTP1 silencing on intracellular L. braziliensis amastigote survival in THP-1 M⌽ cells infected and not treated or infected and treated with Sb V , we first confirmed successful inhibition of the GSTP1 gene (GSTP1 KD samples) using raw data from reverse transcription (RT)-quantitative PCR (qPCR) analyses (Fig. 3Ai) . The change in the fluorescence-normalized reporter signal (ΔRn) versus the number of amplification cycles showed an increase in the threshold cycle (C T ) value of approximately 5 cycles for the GSTP1 KD target-gene-silenced samples, producing a knockdown effect in expression levels of 96% to 97%. No significant differences in gene expression were observed for silenced M⌽ cells in the infected and untreated and infected and Glucantime-treated (32 g/ml) groups (Fig. 3Aii) . The C T values for the ␤-actin (ACTB) reference gene remained unchanged in both the GSTP1 KD target-gene-silenced samples and the nonsilencing small interfering RNA (siRNA)-transfected negative-control samples (nonsilencing siRNA control) (Fig. 3Ai) . Interestingly, Western blot analyses of the groups with silenced GSTP1 showed reductions in GSTP1 protein expression levels of 0.59 and 0.52 (P Ͻ 0.001), which were consistent with the knockdown effects of 71.8% and 81% in THP-1 M⌽ cells infected and untreated and infected and treated with Sb V , respectively ( Fig. 3Bi and Bii).
Once successful inhibition of the GSTP1 gene was confirmed, we determined the effect of GSTP1 silencing on intracellular L. braziliensis amastigote survival in THP-1 M⌽ cells infected and untreated or infected and Sb V treated. Our results showed a direct association between GSTP1 gene inhibition and a significant reduction in intracellular survival of 20.4% (P Ͻ 0.001) in THP-1 M⌽ cells silenced for the target gene (GSTP1 KD samples), infected with L. braziliensis, and treated with a dose of 32 g/ml Sb V (Fig. 3C ). This effect was also illustrated by a decrease in the number of intracellular amastigotes in this group, compared to the THP-1 M⌽ group that was infected and treated but not silenced for this specific target gene. No significant differences in the numbers of amastigotes between the infected groups were observed ( Fig. 3Cii ; also see Fig. S2A ).
Effects of GSS, ABCB5, and TRX gene silencing on the intracellular sensitivity of L. braziliensis amastigotes to Sb V (Glucantime) treatment in human THP-1 M⌽ cells. Successful inhibition of GSS, ABCB5, and TRX target gene expression was also obtained; this was confirmed by mRNA and protein expression levels in THP-1 M⌽ cells infected and treated or not treated with Sb V , as evaluated by RT-qPCR and Western blotting, respectively ( Fig. 4 and 5 ; also see Fig. S3 ). In these groups, the levels of gene knockdown were 94.5% to 99.1% for GSS, 98.0% for ABCB5, and 83.0% to 87.4% for TRX ( Fig. 4Aii and 5Aii ; also see Fig. S3Aii ).
Sequential knockdown of the GSS KD , ABCB5 KD , and TRX KD genes in infected THP-1 M⌽ cells with and without Sb V treatment induced significant reductions in the levels of protein expression (P Ͻ 0.05). The protein expression levels of the GSS KD samples were 0.66-fold those of control samples (P Ͻ 0.05), corresponding to 60.2% protein knockdown, in the infected THP-1 M⌽ group and 0.57-fold those of control samples (P Ͻ 0.01), corresponding to 75.6% protein knockdown, in the THP-1 M⌽ group infected and treated with Sb V (Fig. 4Bi and Bii). For the ABCB5 KD gene, the protein expression levels were 0.72-fold those of control samples (P Ͻ 0.05), corresponding to 47.8% protein knockdown, in the infected THP-1 M⌽ group and 0.68-fold those of control samples (P Ͻ 0.01), corresponding to 61.0% protein knockdown, in the THP-1 M⌽ group infected and treated with Sb V (Fig. 5Bi and Bii). Finally, in TRX KD -silenced samples, protein expression levels were 0.74-fold those of control samples (P Ͻ 0.001), corre- The results represent the average of two or three independent experiments ϩ SEM. Significant differences were determined by two-way ANOVA, followed by Bonferroni's multiple-comparison test. ***, P Ͻ 0.01. sponding to 54.9% protein knockdown, in the infected THP-1 M⌽ group and 0.87-fold those of control samples (P Ͻ 0.01), corresponding to 59.5% knockdown, in the THP-1 M⌽ group infected and treated with Sb V (Fig. S3Bi and Bii) .
The intracellular survival of L. braziliensis with Glucantime treatment in GSS KD -and ABCB5 KD -silenced THP-1 M⌽ cells revealed significant reductions in intracellular parasite survival (P Ͻ 0.001), as demonstrated by parasite load reductions of 17.8% for GSS KD and 15.5% for ABCB5 KD (Fig. 4C and 5C ). These effects on intracellular L. braziliensis survival were also illustrated by reductions in the numbers of amastigotes observed in GSS KD and ABCB5 KD THP-1 M⌽ cells infected and treated with Sb V , compared to nonsilenced THP-1 M⌽ cells infected and treated but not silenced for the specific target genes ( Fig. 4Cii and 5Cii ; also see Fig. S2B and C). In contrast, no significant decrease in intracellular survival of L. braziliensis in TRX KD THP-1 M⌽ cells after treatment with 32 g/ml Sb V was observed ( Fig. S4Ci and Cii) . The results represent the average of two or three independent experiments ϩ SEM. Significant differences were determined by two-way ANOVA, followed by Bonferroni's multiple-comparison test. *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001.
Validation of the inhibitory effects of antioxidant defense and drug transporter genes on intracellular L. braziliensis survival in THP-1 M⌽ cells treated with Sb V (Glucantime). The enhanced leishmanicidal effects of Sb V observed in THP-1 M⌽ cells that had knocked-down GSTP1, GSS, and ABCB5 genes and were infected with L. braziliensis were validated by assessing intracellular amastigote survival in THP-1 M⌽ cells silenced for the constitutively expressed ACTB gene. The efficacy of knockdown after transfection with a specific siRNA ACTB gene was determined by RT-qPCR and Western blot analysis. The remaining relative mRNA expression results showed a significant reduction (P Ͻ 0.001) in ␤-actin mRNA levels, with values from 85.33% to 88.26%, and demonstrated successful inhibition of the target gene in THP-1 M⌽ groups infected and untreated and infected and treated with Sb V (Fig. S4A) . Reductions of between 41.9% (P Ͻ 0.01) and 48.3% (P Ͻ 0.01) in the levels of ␤-actin protein expression were confirmed in all experimental groups (Fig. S4B) . Intracellular survival of The results represent the average of two or three independent experiments ϩ SEM. Significant differences were determined by two-way ANOVA, followed by Bonferroni's multiple-comparison test. ***, P Ͻ 0.001.
L. braziliensis in ACTB KD THP-1 M⌽ cells treated or not treated with 32 g/ml Sb V was not affected by the cell-silencing procedure ( Fig. S2E and S4C ). Taken together, our results suggest that the GSTP1, GSS, and ABCB5 genes are potentially involved in the detoxification of antimony compounds and that inhibition of these genes significantly increases the in vitro leishmanicidal effect on intracellular L. braziliensis susceptibility to Sb V in THP-1 M⌽ cells.
Reestablishment of the phenotype of L. braziliensis intracellular sensitivity to Sb V (Glucantime) by selective inhibition of GSTP1 in THP-1 M⌽ cells. To determine whether GSTP1 gene silencing also enhances the effect of Sb V on L. braziliensis mutant survival, as observed for wild-type parasites, we used two L. braziliensis strains generated in our laboratory, which overexpress cystathionine ␤-synthase (pTEXC␤SeGFP) and cysteine synthase (pTEXCSeGFP). Both of these strains showed a loss of sensitivity to Sb V in previous studies (17) . Our results showed partial restoration of the Sb V -sensitive phenotype in these mutant parasites, with reductions in parasite survival of 37.7% and 5.5%, respectively, compared to the 16.2% reduction observed for wild-type parasites ( Fig. 6A and B) . Survival in THP-1 M⌽ cells treated with 32 g/ml Sb V was determined in comparison with cells infected with the mutant and wild-type strains but not treated with Sb V (control group), in which parasite survival was considered to be 100%.
DISCUSSION
Rapid scientific advances in our knowledge of the biology of pathogenic parasites and their transmitting vectors, as achieved by genomic sequencing, has not yet translated into advances in control measures that can interrupt parasite transmission, in vaccine development, or in new and more effective and more accessible therapeutic drugs. In the present study, we report that analysis of mRNA gene expression levels revealed modulation of oxidative stress and drug transporter genes under different experimental conditions. In human MDMs infected with L. braziliensis, downregulation of MBL2, NQO1, PTGS2, and SOD3 was observed; this is in agreement with the ability of macrophages to control parasite infection, as these genes have been reported to be involved in the host cell antioxidant defense system. For instance, a recent study showed that inhibition of SOD1, an isoform of the SOD3 gene, induced a decrease in the parasite load in human macrophages (18) . In addition, negative regulation of these genes, together with the observed upregulation of CAT, GSTP1, and GPX2, suggests that the parasite has the ability to modulate the host response, favoring intracellular survival (19) . The results represent the average of two independent experiments ϩ SEM. Significant differences were determined by two-way ANOVA, followed by Bonferroni's multiple-comparison test. **, P Ͻ 0.01; ***, P Ͻ 0.001.
In human MDMs not infected but treated with Sb V (Glucantime), we observed modulation of the CAT, GSR, GSTP1, GCLM, GPX2, HMOX1, and TRX genes, which are related to antioxidant defense and oxidative stress. Similar results have been reported for the THP-1 human macrophage cell line and confirmed in human MDMs, suggesting that Sb V induces oxidative stress in human macrophages (20) . In our study, overexpression of the CAT, GPX2, HMOX1, and TRX genes confirms the effect of Sb V and possibly Sb III in inducing oxidative stress. Additionally, our results revealed that the glutathione biosynthesis pathway was regulated in response to macrophage treatment with Sb, via overexpression of the gene encoding the protein GCLM, an enzyme involved in the first step of reduced glutathione (GSH) biosynthesis. Overexpression of this particular gene has been associated with increases in the intracellular levels of GSH (21) , which is widely known as the major antioxidant molecule in mammals and plays a central role in maintaining cell homeostasis.
Furthermore, in human MDMs infected and treated with Sb V , our analysis of gene expression confirmed results reported by other authors who used similar methodological approaches. In those studies, antimony compounds, as well as Leishmania infection, were demonstrated to modulate the expression of the GSR gene, which is involved in the reduction of glutathione, and that of the ABCB6 and SLC7A11 genes, which encode drug transporters involved in drug distribution or drug reduction in human macrophages (20, 22) . We also found upregulation of genes involved in the glutathione biosynthesis pathway, antioxidant defense, and drug transporters of the ABCB family, highlighting the expression levels observed for GSTP1, GSS, TRX, and ABCB5.
The observed regulation of both gene and protein expression in human macrophages not only confirmed previous reports of host-pathogen-drug interactions (23, 24) but also allowed the identification of new genes that encode enzymes involved in the glutathione biosynthesis pathway, such as GSS. In addition, the role of GSTP1 in catalyzing the conjugation of xenobiotic compounds with GSH products and the involvement of the ABCB5 drug transporter in the efflux of drugs were identified. Regulation of these human genes in response to L. braziliensis infection and treatment with Sb V (Glucantime) had not yet been described in human macrophages.
GSTP1 belongs to the glutathione S-transferase superfamily, the members of which play important roles in the cellular defense system, particularly in the detoxification of xenobiotic compounds. These enzymes catalyze the conjugation of GSH with electrophilic compounds, thereby facilitating their efflux from the cell (25) . Notably, drug conjugation with GSH can occur either spontaneously or by catalytic action via the GST enzyme subclass P1 (26, 27) . In models using arsenic (As), a metal closely related to Sb, an increase in the expression of GST-P in mouse cell lines has been reported, resulting in an increase in cellular tolerance to arsenic through the formation of drug conjugates with GSH and ABC drug transporter family efflux of As (28, 29) . The increased protein expression of GSTP1 observed in the present study suggests that this enzyme may play a role similar to that described for As detoxification, by forming Sb conjugates with GSH to efflux Sb from human macrophages. Interestingly, selective inhibition of antioxidant defense factor GSTP1, GSS, and TRX and ABCB5 drug transporter expression had a direct effect on the reduction of intracellular parasite survival in THP-1 M⌽ cells upon treatment with Sb V (Glucantime). This effect was also evident with short exposure times or low doses of Sb V (data not shown). These findings, in addition to protein expression analysis in time course and dose dependence assays, reinforce the hypothesis that the GSTP1 protein may be involved in detoxification of antimony compounds in human macrophages via formation of a Sb(GS) 3 complex (data not shown). The description herein of the selective inhibition of GSTP1 due to interference with gene expression is the first report, to our knowledge, of the specific inhibition of this molecule and establishes the possible role of GSTP1 in the mechanism of antimony compound detoxification in the THP-1 human cell line.
Our results suggest that selective inhibition of the human GSTP1 gene significantly increases the intracellular leishmanicidal activity of Sb V (Glucantime) in human THP-1 macrophages in vitro. This effect was also demonstrated by restoration of the Sb V (Glucantime)-sensitive phenotype of intracellular L. braziliensis using the mutant strains pTEXC␤SeGFP and pTEXCSeGFP, both of which exhibit a loss of sensitivity to Sb V (17) . These findings suggest that a strategy combining the specific inhibitors of human GSTP1 with antimonial compounds may improve the efficacy of first-line drugs for leishmaniasis treatment and could lead to reverse-resistance phenotypes in clinical trials, which are our current interests. Additional studies are required to better understand the molecular mechanisms and effects of inhibiting human genes in increasing the sensitivity of parasites that are naturally resistant to antimony compounds.
GSS is an important enzyme catalyzing the second step of GSH thiol biosynthesis (30, 31) . GSH has been reported to have a dual function, by participating in the detoxification of xenobiotic products through the formation of conjugates that can be exported out of the cell and by participating in antimony compound reduction (i.e., nonenzymatic conversion of Sb V to the active trivalent form Sb III ) (12, 30) . Our functional analyses indicate that GSS also may be involved in L. braziliensis intracellular survival in human macrophages treated with Sb V (Glucantime), as indicated by a significant decrease of 17.8% for the GSS KD knockdown phenotype of THP-1 macrophages. Decreased GSS expression in the host cell may result in reduced intracellular GSH levels and may induce an intracellular oxidative environment, promoting a low level of drug complexation and subsequent lower drug efflux and promoting the death of intracellular parasites.
Members of the ABCB drug transporter subfamily have been characterized as molecules located in the plasma membrane, as well as in different cell organelles, such as mitochondria and the endoplasmic reticulum, that act as main drug efflux transporters (32, 33) . ABCB5 has been described as a drug transporter of chemotherapeutic agents, such as doxorubicin, camptothecin, 10-hydroxycamptothecin, and 5-fluorouracil, which are widely used in cancer treatment (34) . This drug transporter belongs to MDR gene family and exhibits 70% amino acid sequence homology to the ABCB1 (P-glycoprotein [P-gp], MDR1) drug transporter, which is largely associated with drug efflux, enhancing resistance in melanocytes and melanoma cells (35) . Several studies reported that members of the ABCB1, ABCB6, and ABCB11 protein subfamilies are also located in lysosomes, suggesting an influx function for xenobiotic products, enhancing sequestration or leading to a reduction in the intracellular distribution of such compounds (22, 36, 37) . In our study, localization of the ABCB5 drug transporter mainly in phagolysosomal membranes, where the parasite resides, in THP-1 macrophages treated with Sb V (Glucantime) suggests a possible role for this transporter in the susceptibility of L. braziliensis to Sb V (Glucantime). Functional analysis using siRNA for specific inhibition of the ABCB5 gene had a direct effect on intracellular survival of L. braziliensis, enhancing the leishmanicidal activity of Sb V in THP-1 M⌽ cells.
Functional selective inhibition of ABCB5 suggests that this drug transporter may be involved in the detoxification of antimony compounds through efflux of the active form of the drug, Sb III , from the host cell. The involvement of ABCB family members, such as ABCB1 (P-gp, MDR1), in Sb efflux has been described by other authors; positive modulation of this gene results in a significant reduction in the intracellular content of Sb (38, 39) . Our findings for the subcellular localization of ABCB5 in phagolysosome membranes and the possible role of this protein in the detoxification of antimony compounds constitute the first report of this drug transporter in human THP-1 macrophages.
The association of GSTP, GSS, and ABCB5 with antimony compound detoxification is in agreement with existing knowledge regarding Sb detoxification mechanisms and the involvement of the host cell in these processes, with increased activity of ␥-glutamatecysteine ligase (␥-GCL) raising intracellular thiol levels (21, 40) . Increased intracellular thiol levels have also been reported to be involved in Sb V activation or in complex formation with Sb III (41, 42) . Furthermore, antimony compounds may enter host cells through channels, such as aquaporin 7 (AQP7) and AQP9, and the influx of antimony into specialized organelles, such as phagolysosomes, might be mediated by the ABCB6 drug transporter (22, 43, 44 ).
In Fig. 7 , we propose a model of interaction between the GSTP, GSS, and ABCB5 enzymes, suggesting that these enzymes may be involved in the mechanism of Sb detoxification, with enhanced intracellular parasite survival in human macrophages treated with Sb V (Glucantime) occurring through three major mechanisms. In the first mechanism, the amount of GSH available for potentiating the reduction of Sb V (Glucantime) into the active form of antimony, Sb III , in macrophages may be affected because GSS might be one of the enzymes responsible for maintaining adequate levels of GSH. In the second mechanism, regarding Sb V reduction, GSH availability also facilitates GSH conjugation with Sb III compounds present in the host cell via the catalytic activity of GSTP1. The third possible mechanism is related to Sb III drug efflux through involvement of the ABCB5 drug transporter, decreasing intracellular drug contact with the parasite and enhancing survival of the parasite in the host cell.
Our study expands the current knowledge regarding the involvement of host cells in the possible mechanism of Sb V (Glucantime) detoxification, and the GSTP1 gene was proven to be an interesting factor for enhancing the leishmanicidal activity of the drug. These results, together with recent studies on improving Glucantime bioavailability through nanotechnology, may be useful for the development of innovative topical formulations of antimony compounds for leishmaniasis treatment.
MATERIALS AND METHODS
Ethics statement. The study protocol, informed consent material, and sampling procedures were approved by the Federal University of Santa Catarina (UFSC) institutional review board for studies involving human subjects (process 2190 FR 453659). The study was conducted in compliance with national and international guidelines for the protection of human subjects from research risks. Written informed consent was obtained from all participants.
Parasite cultures. L. braziliensis mutant strains overexpressing cystathionine ␤-synthase (pTEXC␤SeGFP) and cysteine synthase (pTEXCSeGFP) promastigotes were generated. L. braziliensis (MHOM/BR/75/M2904) and other strains are stored in the protozoan culture collection of the Protozoology Laboratory of UFSC (mutant parasites are available upon request) (17) . Parasites were propagated at 26°C in Schneider's Drosophila medium (Sigma-Aldrich) supplemented with 5% heat-inactivated fetal bovine serum (FBS) (45) . Infective stationary-phase promastigotes were obtained as described previously, with some modifications (46) . Briefly, promastigotes cultured at 26°C in biphasic human blood agar-based medium were harvested after 6 days of The detoxification pathway includes three main mechanisms. The first mechanism involves the amount of GSS available relative to the macrophage GSH level. In the second mechanism, GSTP1 catalyzes the conjugation of thiol molecules with Sb III compounds. In the third mechanism, ABCB5 participates in the efflux of Sb III . Sb(TS), Sb III conjugated with trypanothione; Sb(GS), Sb III conjugated with glutathione; Cys, cysteine. The proteins highlighted in red were characterized in this study.
passage and opsonized by treatment for 1 h at 34°C with RPMI 1640 medium containing 10% human-type AB-positive serum.
Isolation and culture of human MDMs. Peripheral blood (150 ml) was obtained from five healthy adult volunteers. Donors originating from leishmaniasis-free areas were tested for Leishmania infection by PCR (J. Téllez, I. Romero, M. Soares, M. Steindel, and A. Romanha, unpublished data). Peripheral blood mononuclear cells (PBMCs) were obtained from the peripheral blood by Ficoll-Hypaque 1077 density gradient centrifugation. Monocytes were allowed to differentiate into macrophages as described previously (47) . Briefly, 1 ϫ 10 7 PBMCs were allowed to adhere for 2 h at 37°C in 6-well plates. After being washed, the adhering cells were differentiated to macrophages for 7 days in culture at 37°C, with 5% CO 2 , in RPMI 1640 medium supplemented with 20% human autologous plasma.
Human THP-1-derived macrophages. Cells of the human acute monocytic leukemia cell line THP-1 (ATCC TIB202) were cultured and differentiated into macrophages as described previously (17) . THP-1-derived macrophages (THP-1 M⌽) were used to evaluate the functional involvement of GSTP1, GSS, ABCB5, and TRX in this cell line infected with L. braziliensis and treated with Sb V , as described below.
L. braziliensis infection and Glucantime treatment. Human MDMs and THP-1 M⌽ cells were infected with opsonized L. braziliensis promastigotes at a parasite/cell ratio of 10:1. Infection was allowed to proceed for 1 h at 34°C, with 5% CO 2 , in FBS-free RPMI medium. Free parasites were removed with 2 or 3 washes with serum-free RPMI medium. Following an additional 24 h of incubation at 34°C with 5% CO 2 , to allow the complete development of amastigotes, infected human MDMs and THP-1 M⌽ cells were treated for 48 h with experimentally determined optimum Glucantime (meglumine antimoniate Sb V ) at a concentration of 32 g/ml, with replenishment and incubation continuing for 24 h at 34°C with 5% CO 2 (48) . Infection-free and drug-free macrophage controls were included in all assays. Samples from human MDMs were collected and stored directly in TRIzol (Invitrogen) for evaluation of the gene expression profile by PCR array or were pelleted for determination of protein expression by Western blot analysis. In parallel, identical infected and drug-treated cells seeded in a chamber slide were evaluated to assess the levels of infection using conventional microscopy and Giemsa staining. Percentages of parasite survival were determined as described previously by Sereno et al. (49) .
RNA extraction and first-strand cDNA synthesis. Total RNA was extracted using an RNeasy minikit (Qiagen), following the manufacturer's instructions, eluted in 40 l of water, and quantified using a PicoDrop P200 spectrophotometer (PicoDrop Technologies). First-strand cDNA synthesis was achieved using a RT 2 first strand kit (SABiosciences). Total RNA (70 ng) was reverse transcribed in a final volume of 20 l, following the manufacturer's recommendations, with an additional step for elimination of genomic DNA. Reverse transcriptase was inactivated by heating at 95°C for 5 min. cDNA was diluted to 111 l with RNase-free water and stored at Ϫ20°C until use.
RT 2 Profiler PCR arrays of human MDMs. cDNA was mixed with RT 2 SYBR green/ROX qPCR Mastermix (SABiosciences), following the manufacturer's instructions. Thereafter, 25 l/well was loaded in 96-well plates with predispensed specific primer sets to evaluate the expression levels of 168 genes, which included 84 genes of the human oxidative stress RT 2 Profiler PCR array and 84 genes of the human drug transporters RT 2 Profiler PCR array (catalog numbers PAHS-065Z and PAHS-070Z, respectively; SABiosciences). The arrays contain a panel of proprietary controls to monitor genomic DNA contamination as well as first-strand synthesis and real-time PCR efficiency. All PCR array experiments were performed using an ABI 7900HT FAST instrument (Applied Biosystems) under the following conditions: 10 min at 95°C followed by 40 cycles of 15 s at 95°C and 1 min at 60°C.
PCR array data analysis. We employed the ΔΔC T method using the online analysis tool provided by the supplier of the PCR arrays (http://www.sabiosciences.com/pcrarraydataanalysis.php). Genes with C T values greater than 35 cycles were considered nondetectable. The average for five housekeeping genes (␤ 2 Western blot analysis. Whole-cell protein extracts were obtained using 6-well plate cell cultures of primary human MDMs from five healthy donors of the aforementioned groups. Cells were washed in 1ϫ Dulbecco's phosphate-buffered saline (PBS) and lysed by repeated aspiration in ice-cold lysis buffer (0.25 M sucrose, 0.25% Triton X-100, 10 mM EDTA) containing a protease inhibitor mixture (Sigma-Aldrich). Cell debris was removed by centrifugation at 12,000 ϫ g for 20 min at 4°C (50) . All proteins were stored at Ϫ20°C, and their concentrations were determined with a Bio-Rad protein assay kit (Bradford), using bovine serum albumin (BSA) as a standard. Western blotting was performed as described previously (50) . Briefly, soluble protein extracts (22 g) from MDMs under different treatments were fractionated by 12% or 15% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) according to the predicted protein size and then were electroblotted onto nitrocellulose membranes (GE Healthcare) (51) . The membranes were incubated with mouse monoclonal antibodies against CAT, GPX1/2, GSR, GSS, GSTP1, SOD3, TRX, and ABCB11, goat polyclonal anti-ABCB5, and rabbit polyclonal anti-ABCB6 and SLC22A1. Goat antiactin (Santa Cruz Biotechnology) was used as the loading control. All primary antibodies were used at 1:200. Detection of positive reactions was carried out using appropriate horseradish peroxidase-conjugated IgG secondary antibodies (1:10,000) and an enhanced chemiluminescence kit (Pierce), according to the manufacturer's recommendations. The blots were digitally analyzed using ImageJ v.1.463r (http://imagej.nih.gov/ij/index.html), as described previously (50) . Subcellular localization of the ABCB5 drug transporter. Cultures on a chamber slide of human MDMs under the different treatments were washed twice with 1ϫ PBS, fixed for 10 min with 4% paraformaldehyde at room temperature, and permeabilized for 5 min in 0.05% Triton X-100 in 1ϫ PBS. After blocking with 1% BSA in 1ϫ PBS, macrophages on the chamber slide were incubated with a specific antibody against ABCB5. Colocalization of ABCB5 within parasitophorous vacuoles containing L. braziliensis parasites was carried out by double labeling with a mouse monoclonal antibody to the phagosome marker LAMP-1 and secondary antibodies conjugated to Alexa 488 (anti-mouse IgG) and Alexa 594 (anti-goat IgG). Hoechst dye H6024 (Sigma-Aldrich) was used as a nuclear marker. Slides were observed and analyzed with a Leica SP5 confocal laser microscope (Leica Microsystems).
RNA interference with GSTP1, GSS, ABCB5, and TRX in L. braziliensis-infected and Sb V (Glucantime)-treated THP-1 M⌽ cells. To study the functional involvement of GSTP1, GSS, ABCB5, and TRX genes in THP-1 M⌽ cells infected with L. braziliensis and treated with Sb V , specific inhibition of each gene using three validated siRNA sequences was performed using a FlexiTube siRNA kit (Qiagen), following the manufacturer's instructions with some modifications. The target genes are listed in Table  S1 in the supplemental material. Briefly, 2.5 ϫ 10 5 THP-1 M⌽ cells in 24-well plates and 1 ϫ 10 5 THP-1 M⌽ cells on chamber slides were transfected using HiPerFect (Qiagen). Each siRNA sequence (25 nM) for the targets (GSTP1, GSS, ABCB5, and TRX), nonsilencing scrambled control siRNA (AllStars AF488 negative control; Qiagen), or siRNA targeting ACTB (used as the positive control) was added to 100 l of serum-free RPMI and 9 l of transfection reagent. The mixture was incubated for 10 min at room temperature to allow complex transfection formation of the siRNA target gene-HiPerFect reagents. The complex formed was left in contact with cells for 6 h, in a final volume of 600 l of serum-free RPMI medium, under controlled-atmosphere conditions. The medium was then changed, and the cells were incubated again for 1 h and subsequently infected with L. braziliensis and treated with Sb V , as described above. The use of THP-1 M⌽ cells for gene silencing assays was described previously (52, 53) .
Successful knockdown of target genes in wild-type and mutant cells was confirmed by RT-qPCR and Western blotting using specific primers for genes and antibodies for proteins, as described above. The effects of GSTP1, GSS, ABCB5, TRX, and ACTB gene silencing on the intracellular sensitivity of L. braziliensis to Sb V in THP-1 M⌽ cells were determined by assessing the percentage of survival of the parasite, as described above.
Statistical analyses. Statistical differences were analyzed by one-way or two-way analysis of variance (ANOVA) followed by Bonferroni post hoc tests, as indicated in the figure legends. Analyses were performed with GraphPad Prism 5 software (GraphPad Inc., San Diego, CA), and P values of Ͻ0.05 were considered significant.
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